Context. Monoceros R2 (Mon R2), at a distance of 830 pc, is the only ultra-compact H ii region (UC H ii) where its associated photon-dominated region (PDR) can be resolved with the Herschel Space Observatory. Aims. Our aim is to investigate observationally the kinematical patterns in the interface regions (i.e., the transition from atomic to molecular gas) associated with Mon R2. Methods. We used the HIFI instrument onboard Herschel to observe the line profiles of the reactive ions CH + , OH + and H 2 O + toward different positions in Mon R2. We derive the column density of these molecules and compare them with gas-phase chemistry models.
Introduction
Monoceros R2 (Mon R2) is a relatively nearby (830 pc) ultracompact H ii region (UCH ii). Due to its brightness and proximity, it is the best source in which to investigate the chemistry and physics of this stage of high-mass stellar formation. The main ionizing source, IRS1, is located at the center of a spherical cavity free of molecular gas which extends for about 20 ′′ (0.08 pc) in radius (Choi et al. 2000) . The UCH ii is surrounded by several photon-dominated regions (PDRs) that are characterized by different physical and chemical conditions (Rizzo et al. 2003; Berné et al. 2009; Pilleri et al. 2013) . These PDRs have a roughly circular spatial distribution, with a projected thickness between 4 ′′ and 6 ′′ (∼ 0.02 pc, Berné et al. 2009 ). Rizzo et al. (2003) estimated the intensity of the UV radiation field to be G 0 ∼ 5 × 10 5 in units of the Habing (1968) field, by fitting the observed far-IR intensity with a blackbody curve, assuming an effective temperature of T eff = 25.000 K and using the projected radius of the H ii ⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. region as the real distance from the star. Berné et al. (2009) studied the H 2 mid-IR lines from Spitzer-IRS observations and estimated a hydrogen density in the PDRs ranging from n H = 4×10 3 to 4 × 10 5 cm −3 . Higher densities, up to n H = 6 × 10 6 cm −3 , were found by Choi et al. (2000) , Rizzo et al. (2003) and Pilleri et al. (2013) to account for the emission of molecular species in the far-IR and radio domains. The UCH ii and the PDRs are surrounded by a moderate density (n H 2 ∼ 5 × 10 4 cm −3 ), cometaryshaped molecular cloud (Fuente et al. 2010; Pilleri et al. 2012 Pilleri et al. , 2013 .
Observations and modeling of this source showed that the molecular cloud is relatively quiescent, with a systemic velocity of the main cloud being ∼ 11 km s −1 and expansion velocities 1 km s −1 (Fuente et al. 2010; Pilleri et al. 2012) . High velocity wings, observed at red-shifted velocities relative to the cloud systemic velocity, can be attributed either to the expansion of the PDR surrounding the H ii region or to the relic of a now inactive outflow (Giannakopoulou et al. 1997; Pilleri et al. 2012 Pilleri et al. , 2013 . Jaffe et al. (2003) , through the analysis of high spatial and spectral resolution observations of the 12.8 µm Ne ii line, suggested that the innermost H ii region is expanding at a high velocity (Pilleri et al. 2012) . Squares indicate the positions of the OH + 1-0 (971 GHz) observations, and the white circles show the HPBW of Herschel at this frequency. White dashed contours show the H(42α) integrated intensity from 1 to 11 K km s −1 in linear steps of 2 K km s −1 . Black contours represent the relative variation of the continuum emission at 971 GHz from SPIRE-FTS, in 20% intervals of the peak, 0.6 K.
v exp = 10 km s −1 . Zhu et al. (2005) refined this scenario, showing that these patterns are more likely explained by a model in which the cavity is devoid of gas and dust and is maintained by stellar wind pressure. In this interpretation, the central H ii region is not expanding, but the ionized gas runs along the walls of the surrounding cloud, a behavior also registered in other UCH ii regions (Zhu et al. 2008) . Finally, the overall Mon R2 complex seems to undergo a slow rotation (Loren 1977; Pilleri et al. 2012) .
Our previous observations of the molecular gas in Mon R2 (Pilleri et al. 2012 ) put a strong upper limit to the expansion velocity of the innermost layers of this region, in agreement with the interpretation of Zhu et al. (2005) . We have obtained new high spectral resolution observations with Herschel that provide new insights into the geometry and kinematics of the intermediate atomic layers between the H ii gas and the fully molecular gas. Herschel allows us to detect reactive ions such as OH + , H 2 O + and CH + that trace the first steps of the chemistry in UVilluminated gas. In particular, the Heterodyne Instrument for the Far Infrared (HIFI, de Graauw et al. 2010 ) allows us to resolve the line profiles and constrain the kinematics of the gas where the atomic/ionized to molecular/neutral gas transition takes place. In Sect. 2 we present our observations, and the results are reported in Sect. 3. Sections 4 and 5 present the discussion and conclusions.
Observations
The observations presented here were obtained as part of two programs of the Herschel Space Observatory (Pilbratt et al. 2010) : the WADI key program (Ossenkopf et al. 2011 [-28 ′′ , 10 ′′ ]. The former two points have been studied in detail in several molecular and atomic lines (e.g. Rizzo et al. 2003; Fuente et al. 2010; Pilleri et al. 2012; Ginard et al. 2012; Ossenkopf et al. 2013; Pilleri et al. 2013) and are key references for this source. The last point (CP1) was chosen to be the as far as possible from the IF position and still have a significant continuum at the observed frequencies.
The OH + line at all positions and the H 2 O + line toward MP1 were observed using single pointing, double beam switch pattern, providing also a reliable measurement of the 971 GHz continuum at all positions and at 1113 GHz toward MP1. The CH + observation toward the IF was observed in WADI with a high signal-to-noise (S/N) on a strip centered toward the IF, that also provides a good estimate of the continuum at 835 GHz at this position. The remaining CH + and H 2 O + observations were obtained from a full 2 ′ × 2 ′ OTF map centered at the IF. Unfortunately, using OTF on such large areas causes large drifts in the continuum level. To estimate the continuum for these observations, we assume that the relative ratios of the continuum are the same at all positions, and scale the 971 GHz continuum (which is measured at all positions) accordingly. We also use the sparsesampling continuum map at 971 GHz obtained with SPIRE-FTS within the program SPECHIS-GT (PI: E. Polehampton).
The data were pipelined using HIPE (Ott 2010) 9.0 and then Level 2 products were exported to FITS format. Further analysis was performed with the CLASS/GILDAS suite (Pety 2005) , and consisted of averaging the two polarizations and conversion to main beam temperature (T mb ) scale. Finally we divided the observed continuum by 2 since HIFI is a double side band receiver P. Pilleri, et al.: Kinematics of the ionized-to-neutral interfaces in Monoceros R2 with a sideband ratio of ∼ 1 (Roelfsema et al. 2012 ) at these frequencies.
Results
Figure 2 displays the detected lines toward the IF, MP1 and CP1. H 2 O + was not detected toward any position (see Table 2 for the detection limits). This provides strong limits on the gas molecular fraction (Hollenbach et al. 2012 Fig. 3 , we show the integrated intensity maps of the CH + and [C ii] lines obtained from our OTF mapping observations in different velocity bins. The red-shifted emission is clearly related to the H ii region and to the surrounding PDRs, whereas the blue-shifted absorption better correlates with the C 18 O 2-1 emission, as well as the 971GHz continuum emission (shown in Fig. 1 ) tracing the bulk of the dust emission associated with the molecular cloud. The central velocities [5-12] km s −1 seem to be associated with the H ii region and the northern, low-UV irradiated PDR described in Ginard et al. (2012) and Pilleri et al. (2013) .
In the following, we focus on the blue-and red-shifted velocities. We define the blue and red intervals as [-5,5] , respectively. In Table 2 we present a summary of the observational results, detailed below.
CH

+
Owing to very high critical densities, the CH + level population is out of local thermodynamic equilibrium, thus the column density of the gas associated with the emission line depends on the assumed excitation temperature (T ex ). As a first approximation, we used the MADEX large velocity gradient (LVG) code assuming the typical physical conditions of the PDR (n H 2 ∼ 2 × 10 5 cm −3 , T kin ∼ 100 K, Pilleri et al. 2012 ) to estimate the column density of this molecule at all positions, since the bulk of the CH + emission is expected to arise in the most exposed layers (A V 1) of the PDR (Nagy et al. 2013 ). To fit the observed intensity of the J=1-0 line toward the IF position, the LVG code returns T ex ∼ 10 K, an opacity of τ = 3.2 and a total column density of 7.4 × 10 13 cm −2 for the red-shifted velocity interval. On the other extreme, if we consider that the emission stems from the densest layer (n H 2 = 3 × 10 6 cm −3 , Rizzo et al. 2003; Pilleri et al. 2012) , we obtain T ex = 14 K and N(CH + ) = 6 × 10 12 cm −2 , corresponding to an opacity of 0.2. The column density in the blue interval can be calculated with the usual steps for absorption measurements. We calculated the opacity of the absorption at each velocity as τ = − log(T l /T c ) where T l and T c are the line and continuum intensities, respectively. This can be used to estimate the molecular column density using N(CH + ) = 3.1 × 10 12 τdv cm −2 (Godard et al. 2012 ). In the expression above, we have assumed that the absorbing CH + gas is almost entirely in its ground rotational state (T ex < 5 K), which is justified by the relatively large Einstein A ul coefficient for this transition, implying a large critical density (> 10 6 cm −3 ). We also assume that the covering factor over the continuum source is unity. This is reasonable according to the SPIRE map ( Fig. 1) , although we cannot exclude some clumpiness at smaller scales.
OH
+
We calculated the integrated opacities τdv of the OH + line in the different velocity intervals (see Table 2 ). Since the ground state of OH + is split into two levels with a negligible energy difference we assume that the population in each level is proportional to their level degeneracies, and included the corresponding correction factor 1.5 in the total column density calculations (see Gupta et al. 2010; Neufeld et al. 2010; Gerin et al. 2010 ). This gives a simple expression for the total column density, N(OH + ) = 4.69 × 10 12 τdv cm −2 . The column density results are reported in Table 2 .
We derived upper limits to the opacity and the column density of H 2 O + assuming a 3σ detection (calculated at the spectral resolution of 1 km s −1 ) and a line width of 3 km s −1 . Alike OH + , the ground state of H 2 O + is separated into two very close energy levels, and the same correction factor 1.5 must be used to relate the integrated opacity with the column density. This leads to the expression: N(H 2 O + ) = 4.28 × 10 12 τdv cm −2 . The resulting column densities are reported in Table 2 . For CP1, the noise in the spectrum is too high compared to the continuum level to estimate a reliable upper limit to the column density.
Discussion
Origin of the OH
+ and CH + emission and absorption
The column density ratio N(OH + )/N(H 2 O + ) toward MP1 is higher than 8 for both the blue and red intervals. We can use this ratio to estimate an upper limit to the molecular fraction, f (H 2 ) = A&A proofs: manuscript no. MonOHp for the central and red intervals). White contours are the integrated intensity between 5 and 15 km s −1 of the C 18 O 2-1 line. In the blue interval, the CH + absorption (dark color) correlates with the molecular cloud. 2n H 2 /(n H +2n H 2 ), using the relationship [ (Gerin et al. 2010 ). Assuming T kin = 100 K leads to f (H 2 ) 0.03, i.e., the regions producing the absorption consist of mainly atomic gas, and most likely correspond to the first layer of the PDR or the UV-irradiated walls of an outflow. Toward the IF and CP1 positions we obtain looser upper limits due to the large rms in the H 2 O + spectra. Because the spatial distribution of most of molecular tracers (such as C 18 O and 13 CO) peak toward the molecular bar (Pilleri et al. 2012 ) whereas atomic tracers such as [C ii] have more a circular spatial distribution (Fig. 3) , we expect that the molecular fraction is lower toward the IF and CP1 compared to the molecular bar, represented by the position MP1.
The column density for the red and the blue intervals of OH + is approximately constant toward all three positions. Even toward CP1, the farthest from the IF and at the edge of the H ii region, OH + shows spectral profiles and column densities similar to the IF and CP1 position. This suggests that all these absorptions are produced by the same diffuse layers that actually extend for more than 30 ′′ (0.12 pc) around the IF.
Several scenarios can be proposed to account for observed line kinematics. One possible interpretation is that the OH + absorption comes from two mainly atomic clouds in the line of sight, being both unrelated with the UCH ii. This explanation is unlikely for several reasons. First of all, the clouds have similar and large linewidths (∼5 km s −1 ) and is unlikely that they originate from two separate clouds. Secondly, the [C ii] and CH + maps (Fig. 3) show that this semi-atomic, red-shifted gas is spatially constrained to the location of the H ii region. The similarity of the CH + and OH + absorption velocities suggest that OH + also originates in this region. A second possibility is that the absorptions comes from the large scale bipolar outflow associated with this IR cluster (Giannakopoulou et al. 1997; Tafalla et al. 1997; Xu et al. 2006) . However, if the absorptions were associated to a bipolar outflow at a certain inclination to the plane of the sky, the red and blue profiles would be significantly different toward MP1 and CP1 that are separated by ∼43 ′′ , therefore we can discard this possibility. We cannot discard though the presence of an outflow with a perfect symmetrical pole-on configuration, although it is quite unlikely to have such a perfectly symmetrical pole-on structure.
It is more likely, however, that the low molecular fraction layers are associated with the PDR around the H ii region. In this case, the profiles of the OH + line can provide important information about the kinematics of the UCHII region. In the picture of an expanding H ii region (Jaffe et al. 2003) , the values of the velocity centroids of the blue-and red-shifted absorption features would provide an upper limit to the expansion velocity of this layer, ∼8 km s −1 for the front side, and ∼ 4 km s −1 for the back side. The main argument against this interpretation is that one would expect to see some changes in the separation between the red and blue absorptions among the observed positions. In the description of Zhu et al. (2005) , in which the molecular cloud is sustained by the stellar wind pressure, the atomic gas would be instead entrained in the ionized gas that flows along the walls of the cavity. This latter interpretation better explains the absence of a difference in the OH + profiles toward the three positions. However, an anisotropic expansion or a larger shell could also explain this pattern. Finally, neither the expansion scenario or the Zhu et al. (2005) model are able to fully explain the change in the kinematics between the ionized gas (that peaks at 25 km s −1 , see Jaffe et al. 2003 ) and the atomic gas (peaking at 15 km s −1 , this paper). Thus, our data cannot distinguish between these two interpretations.
In Fig. 4 , we show the sketch of a model that is consistent with the observations presented here. The dust grains in the molecular cloud in the back side (relative to the observer) of the H ii region are responsible for the observed continuum emission (see Fig. 1 ). The OH + and CH + absorption signatures arise in the mainly atomic layers of the PDR in front of the molecular cloud. The emission of the high density molecular gas in the back of the H ii region produces the observed absorption-emission profile. The continuum emission must be mainly produced by the dust behind the H ii region to allow absorption at both blue-shifted and red-shifted velocities. This means that the gas density and column densities are larger in the back than in the front side.
Comparison with chemical models
In our schematic view of Mon R2, the cloud is constituted by spherically symmetric layers of different densities (Fig. 5 ). The layers surround the H ii region so that the PDRs are found both in the back and in the front of the H ii region. We have used the Meudon PDR code (Le Petit et al. 2006; Goicoechea & Le Bourlot 2007; Gonzalez Garcia et al. 2008; Le Bourlot et al. 2012 ) version 1.4.3 to compare the column densities derived from the observations to those predicted by gas-phase chemical models. Since the Meudon code is a 1-D model, these are radial column densities integrated from the beginning of the PDR at r=0.08 pc. The input parameters of the model and the density structure are the same as in Pilleri et al. (2012 Pilleri et al. ( , 2013 .
The results of the codes are shown in Fig. 5 . In the code, most of the OH + and CH + is produced at the transition between the atomic and molecular layers at A V ∼ 1. The code predicts 5 . Results of the Meudon PDR code, using the same input parameters of Pilleri et al. (2012) . The upper panel shows the physical conditions as a function of the distance from the IF. The bottom panel shows integrated column densities for the species studied in this work. The shaded area indicates the region where the fraction of molecular to atomic gas, f (H 2 ), is less than 0.1.
N(OH
+ ) = 1.35 × 10 13 cm −2 in each side (back and front) of the sphere, in good agreement with the observed values. This supports that the OH + absorption is due to the most exposed layers of the PDR. Concerning CH + , the code predicts a column density of 1.6 × 10 13 cm −2 in each side of the cloud. This is in reasonable agreement with the column density obtained from the LVG calculations, considering the large uncertainties in the column density and the simplicity of our sketch model. The code predicts also a column density of H 2 O + of 6×10 12 cm −2 , in good agreement with our upper limits toward the IF.
Conclusions
We have presented observations of the reactive ions OH + , CH + and H 2 O + of the Monoceros R2 complex obtained with the HIFI
